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We investigate the behaviour of electric fields originating from adsorbates deposited on a cryo-
genic atom chip as it is cooled from room temperature to cryogenic temperature. Using Rydberg
electromagnetically induced transparency we measure the field strength versus distance from a 1 mm
square of YBCO patterned onto a YSZ chip substrate. We find a localized and stable dipole field at
room temperature and attribute it to a saturated layer of chemically adsorbed rubidium atoms on
the YBCO. As the chip is cooled towards 83 K we observe a change in sign of the electric field as
well as a transition from a localized to a delocalized dipole density. We relate these changes to the
onset of physisorption on the chip surface when the van der Waals attraction overcomes the thermal
desorption mechanisms. Our findings suggest that, through careful selection of substrate materials,
it may be possible to reduce the electric fields caused by atomic adsorption on chips, opening up
experiments to controlled Rydberg-surface coupling schemes.
In recent years, atom chips [1, 2] have developed into a
major platform for the investigation of atomic quantum
states. Offering precise control of neutral atoms com-
bined with long coherence times [3] make them a promis-
ing candidate for quantum simulation applications. Fur-
thermore, atom chips are scalable and can be integrated
with other systems, such as solid-state devices, to form
hybrid quantum systems [4, 5].
To establish fast quantum gates for neutral atoms, it
was proposed early on to use atomic Rydberg states [6, 7].
The strong and well controllable dipolar interaction of
these states allows a fast coupling between atoms, making
them an ideal choice for quantum processing protocols
[8]. Moreover, the large polarizability of Rydberg states
provides a strong coupling to electric fields, which can
be used to couple them to on-chip solid state devices [9–
11]. However, due to this strong interaction, Rydberg
states are also very prone to transition shifts caused by
residual electric fields. It has been shown, that close to
chip structures a major cause of these electrostatic fields
is given by surface adsorbed atoms [12–16].
In general, there are two types of adsorption processes,
categorized by their bonding type. Chemisorption in-
volves the transfer of charge from adatoms to the sub-
strate or vice versa depending on the relative value of the
work function of the substrate and the ionization energy
of the adatom [17]. Alternatively, atoms can be adsorbed
to the substrate through the mediation of van der Waals
forces i.e. a bond formed from the dipole-dipole interac-
tion between the adatom and the resultant induced image
dipole inside the substrate [18]. Due to the much weaker
binding strength of the van der Waals bond compared
to a chemical bond, this physisorption has not been sig-
nificant in previous works, since all studies have been
carried out at room temperature [12–14, 16]. However,
for hybrid quantum systems where atoms are coupled to
superconducting devices, the atom chip will be cooled to
cryogenic temperatures where such van der Waals bond-
FIG. 1. (color online). a) Relevant energy level structure for
87Rb. b) Schematic diagram of the experimental setup. The
probe beam (red) couples the ground state 5S1/2 to the inter-
mediate state 5P3/2 while the coupling beam (blue) couples
the intermediate state to an nD5/2 Rydberg state. To probe
the electric field close to the chip surface, the coupling beam
is focused to a vertical line. c) Absorption imaging of an
atomic cloud below the cryogenic chip (1 mm YBCO square
on a 20 mm YSZ substrate). The central line of low optical
density is caused by EIT. With spatial changes in the trans-
parency signal the electric field caused by the adsorbates can
be mapped.
ing can no longer be neglected.
In this paper, we investigate the temperature depen-
dence of the atom-surface bonding on a cryogenic atom
chip. Using electromagnetically induced transparency
(EIT) [19] in 87Rb for Rydberg spectroscopy, we deter-
mine the electric field produced by adatoms in a temper-
ature range of 83 K to room temperature. We compare
our findings to the theoretical temperature dependence
of physisorption and chemisorption to deduce the relative
strength of the two mechanisms in the different temper-
ature regimes and to investigate ways by which electric
fields arising from adsorbates may be minimized.
We model a layer of adsorbates by a square dipole layer
with side length d on top of the substrate. The sim-
ulated electric field perpendicular to the centre of the
dipole layer is obtained from the summation of the elec-
tric field from two opposite but constant surface charge
square sheets separated by 1 A˚, much less than the dis-
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2tance between the surface and the electric field probe (a
gas of ultracold neutral atoms):
E(z) =
2σ
pi0
[
tan−1
√
1 +
d2
2z2
− tan−1
√
1 +
d2
2(z + 1A˚)2
]
,
(1)
where 0 is the electric permittivity of free space. In
this limit the exact choice of 1 A˚ will not change the
value of the dipole density. The side length (d) and the
surface charge density (σ) are experimentally determined
parameters.
Our experimental setup is illustrated in Fig. 1b: A
cloud of ultracold 87Rb is prepared in proximity of a
1 mm YBCO square patterned onto a 20 mm YSZ square
substrate. Details of the preparation of the ultracold
gas is discussed in [20–22]. The cloud is illuminated by
two counter propagating laser beams resonant with the
5S1/2 → 5P3/2 (probe beam) and 5P3/2 → nD5/2 (cou-
pling beam) transitions respectively, where n indicates
the principal quantum number. The coupling beam is
focused to a 100 µm× 2.5 mm line perpendicular to the
YBCO square structure. As shown in Fig. 1a, when both
beams are tuned to resonance, absorption of the probe
beam is inhibited due to EIT [19], resulting in a line of
decreased optical density of the atomic cloud at the po-
sition of the coupling beam focus. Due to the large po-
larizability of the nD Rydberg state used, small electric
fields split the |mj | sublevels allowing a measurement of
the spatial dependence of the electric field near the sur-
face by determining the EIT resonance frequencies vs.
distance. We define the optical density ratio (ODR) by
dividing column A (Fig. 1a) inside by column B outside
of the coupling beam region.
Fig. 2 shows the ODR for atoms coupled to the 58D5/2
state at room temperature. The chip surface is indicated
by a black line at the origin. We observe three lines
that merge far away from the surface, corresponding to
the |mj | = 1/2, |mj | = 3/2 and |mj | = 5/2 manifolds
of the 58D5/2 state. The spatial behaviour of the line
splitting in Fig. 2 suggests an electric field close to the
chip surface that decreases over a length scale of ≈ 1 mm.
The strong spatial dependence of the field over such a
short distance implies that it is produced by a source of
similar size. Fitting the spectrum using Eq.(1) and the
Stark shift (given in Ref. [23]) for the 58D5/2 state gives
a surface dipole density of 3.7 × 10−12 C m−1 spread
over a 1 mm square. The data analysis indicates a small
offset field of 0.14 V/cm, suggesting the presence of a
constant background field.
The 1 mm size of the dipole distribution extracted
from the fit to Fig. 2 is caused by rubidium atoms
chemisorbed onto the 1 mm YBCO square. The strength
of the chemisorbed dipole depends on the difference be-
tween the work function of the substrate and the ioniza-
tion energy of the atom. The work function of YBCO
(4.5 eV) [24] differs from the rubidium ionization energy
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FIG. 2. (color online). Rydberg spectroscopy of the 58D5/2
|mj | = 5/2, 3/2, 1/2 states obtained at room temperature.
The horizontal axis is the detuning of the coupling laser from
the 5P3/2 to 58D5/2 transition. The vertical axis is the dis-
tance to the substrate. The degeneracy of the 58D5/2 mani-
fold is lifted by the presence of an electric field. A fit to the
data using Eq.(1) (black line) gives a size of the adsorbed layer
of 1mm with a surface dipole density of 3.7 × 10−12 C m−1
and an offset electric field of 0.14 V/cm.
(4.2 eV), potentially giving rise to strong chemisorbed
dipoles, while the work function of our YSZ substrate
(4.34 eV) [25] is closer to the ionization energy of a rubid-
ium atom. Still, chemisorption onto the YSZ substrate
may be responsible for the small offset field observed in
Fig. 2.
This electric field behaviour versus distance from the
chip changes drastically when the chip is cooled to cryo-
genic temperatures. Fig. 3 shows the ODR using the
48D5/2 state at a temperature of 83 K. Only two lines
are visible in the figure, corresponding to the |mj | = 3/2
and |mj | = 1/2 states. The magnitude of the electric
field shifts the |mj | = 5/2 manifold out of our acces-
sible coupling beam detunings. While the field is still
seen to increase close to the chip surface, there is a sig-
nificant, relatively constant field at distances exceeding
2 mm. Such a change in electric field distribution is not
expected to arise due to chemisorption, as it is already
saturated at room temperatures due to the strength of
the bond. The constant field at distances far from the
chip suggests a much larger layer of adsorbates than the
one present on the 1 mm YBCO square, indicating the
presence of physisorption on both the YSZ and YBCO.
The fit to the electric field distribution gives in addi-
tion to the dipoles due to chemisorption, a dipole den-
sity of −1.7 × 10−11 C m−1 distributed on YSZ over a
size of 13.3 mm and −2.3× 10−11 C m−1 distributed on
YBCO of size 1 mm. While the localized contribution
is explained by the presence of the YBCO square, the
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FIG. 3. (color online). Rydberg spectroscopy of the 48D5/2
|mj | = 3/2, 1/2 states below the YBCO square obtained
at 83 K. The |mj | = 5/2 is shifted out of the scanning
region. The horizontal axis is the detuning of the cou-
pling laser from the 5P3/2 to 58D5/2 transition. The ver-
tical axis is the distance to the substrate. Fitting Eq.(1)
to the data (black lines) gives a surface dipole density of
−1.7×10−11 C m−1 distributed on YSZ over a size of 13.3 mm
and −2.3 × 10−11 C m−1 on YBCO of size 1 mm. [Inset]
Measured separation (blue) of the |mj | = 3/2 and |mj | = 1/2
versus different n-states at 2 mm distance from the chip sur-
face is in good agreement with the theory for the Stark shift
(red), showing that the splitting is caused solely by electric
fields.
larger distribution of dipoles is comparable to the size
of our YSZ substrate (20 mm). To rule out line split-
tings due to a magnetic field, we plot the separation of
the |mj | = 3/2 and |mj | = 1/2 lines as a function of
n-state (inset of Fig. 3). The obtained n dependency is
in good agreement with the theory for the splitting be-
tween |mj | = 3/2 and |mj | = 1/2 of 1 V/cm, indicating
that our observations result entirely from coupling to the
electric field.
To study the temperature dependence of physisorption
we look at the ODR of the 52D5/2 state with a fixed cou-
pling beam detuning of 27 MHz. Motivated by the ap-
proach by Ranke et. al. [26], we use the model developed
by Langmuir to understand the dynamics of adsorbates
with respect to temperature. With the adsorption of the
gas phase and the desorption of the adsorbate phase in
equilibrium, for constant pressure, the adsorbate cover-
age is given by [18]:
θad
1− θad = e
∆Ead
kBTsub
h¯3
kBTgas(2pimkBTgas)3/2
P, (2)
where θad is the coverage of the adsorbates, Tsub is the
temperature of the substrate, Tgas is the temperature
of the gas phase, P is the pressure and ∆Ead is the
FIG. 4. (color online). a) Rydberg spectroscopy of the 52D5/2
|mj | = 1/2 states below the YBCO square in dependence of
the temperature. The coupling beam detuning is 27 MHz
while varying the temperature of the substrate. b) Simulation
with a coupling beam detuning of 27 MHz and a linewidth of
7 MHz. Shown in the inset is the coverage dependence on
the temperature for physisorbed atoms on YSZ (blue) and
on YBCO (red) based on Eq.(2). The adsorption energies of
physisorbed atoms on YSZ and YBCO are taken to be 790
meV and 880 meV respectively. c) Temperature dependent
Rydberg spectroscopy of the 52D5/2 |mj | = 1/2 states with
a chosen coupling beam detuning of 21 MHz. d) Simulation
with adsorption energies of 703 meV and 783 meV on YSZ
and on YBCO for coupling beam detuning of 21 MHz.
energy of adsorption governing the temperature region
where desorption starts to occur. Shown in Fig. 4a is
the ODR versus distance from the chip surface as the
chip is heated from cryogenic to room temperature. At
250 K, we only see a narrow region at which the 27 MHz
detuning matches the EIT resonance due to the strong
spatial dependence of the electric field. This detuning
4translates to an electric field of 1.07 V/cm. As the chip
temperature increases from 200 K, this resonance moves
closer to the chip surface indicating a weakening of the
adsorbate electric field. At approximately 230 K, the
resonance vanishes implying the cancellation of the elec-
tric field. Above 230 K, the resonance reverts to the
room temperature value. In Fig. 4c, we start with a
non-saturated layer of physisorbed atoms at cryogenic
temperature. To shift the resonance signal further from
the diffraction lines close to the chip surface, we change
the coupling beam detuning to 21 MHz. With a non-
saturated physisorbed layer, the resultant electric field is
smaller and the cancellation of the electric field occurs
at a lower temperature at 202 K, showing the coverage
dependence of adsorption energy [18].
The coverage dependent zero-crossing of the resonance
and with this the electric field shows a change in the di-
rection of the electric field. This process is reproduced by
our model Eq.(2) in Fig. 4b and 4d for the temperature
dependent adsorption process. As such, our data indi-
cates that the dipole moment of the physisorbed rubid-
ium atoms carries the opposite sign from those that are
chemisorbed. Indeed, due to the difference in work func-
tion of the substrate and the ionization energy of rubid-
ium atom, electrons are pulled from rubidium adatoms
toward the substrate during chemisorption. In the case of
physisorption on the other hand, electronic Pauli block-
ing will generally push electrons away from the substrate,
leading to an opposite dipole moment compared to a
chemisorbed adatom [27, 28].
To explain the temperature dependence shown in Fig.
4a, we employ Eq.(2) giving the physisorbed coverage
with respect to temperature (Fig. 4b). The onset of
the large, constant electric field at 200 K is caused by
physisorption on the large YSZ substrate. The transi-
tion at 230 K is a result of the onset of physisorption on
the YBCO square. Fig. 4b shows the expected ODR be-
haviour taking these effects into account, with a coupling
beam linewidth of 7 MHz. The theory is in close agree-
ment with the experimental data, with the exception of
the lines closer to the surface, as they are too weak to
be detected in the experiment. The two distinct onsets
of physisorption of YSZ and YBCO arise from a differ-
ence in adsorption energies for these materials. With our
vacuum pressure of P = 4× 10−10 mbar and a tempera-
ture of Tgas = 293 K the adsorption energies of
87Rb are
fitted to be 790 meV and 880 meV for YSZ and YBCO
respectively. The simulated temperature dependence of
the EIT resonance shown in Fig. 4d is obtained with the
fitted adsorption energies of 703 meV and 783 meV.
In conclusion, we have observed a strong change in
the adsorbate density on a YBCO/YSZ atom chip at
cryogenic temperatures due to physisorption. The weak
chemisorption of rubidium atoms on YSZ observed sug-
gests that, through the appropriate choice of substrate,
the van der Waals interaction is the dominant factor gov-
erning the behaviour of adsorption of atoms onto the
chip. The magnitude of the electric field resultant from
this unavoidable physisorption is high enough to hinder
controlled electric coupling between a superconducting
solid state device and an atomic quantum system. How-
ever, our studies show that the physisorbed rubidium
atom has a dipole moment of opposite sign compared
to a chemisorbed rubidium atom, allowing for the possi-
bility of cancelling out the electric field from chemisorbed
atoms. In addition, the physisorbed atoms may serve as
a potential candidate for studies of atom surface interac-
tions at close distances.
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